Purpose: To evaluate repeatability and reproducibility of anterior corneal power measurements obtained with a new corneal topographer OphthaTOP (Hummel AG, Germany) and agreement with measurements by a rotating Scheimpflug camera (Pentacam HR, Oculus, Germany) and an automated keratometer (IOLMaster, Carl Zeiss Meditec, Germany). Methods: The right eyes of 79 healthy subjects were prospectively measured three times with all three devices. Another examiner performed three additional scans with the OphthaTOP in the same session. Within one week, the first examiner repeated the measurements using the OphthaTOP. The flat simulated keratometry (Kf), steep K (Ks), mean K (Km), J 0 , and J 45 were noted. Repeatability and reproducibility of measurements were assessed by within-subject standard deviation (Sw), repeatability (2.77 Sw), coefficient of variation (CoV), and intraclass correlation coefficient (ICC). Agreement between devices was assessed using 95% limits of agreement (LoA). Results: Intraobserver repeatability and interobserver and intersession reproducibility of all measured parameters showed a 2.77 Sw of 0.29 diopter or less, a CoV of less than 0.24%, and an ICC of more than 0.906. Statistically significant differences (P,0.001) were found between the parameters analyzed by the three devices, except J 0 and J 45 . The mean differences between OphthaTOP and the other two devices were small, and the 95% LoA was narrow for all results. Conclusions: The OphthaTOP showed excellent intraobserver repeatability and interobserver and intersession reproducibility of corneal power measurements. Good agreements with the other two devices in these parameters were found in healthy eyes.
Introduction
The requirement for precise measurements and assessments of corneal topography is increasing. Most patients undergoing cataract or refractive surgery expect to experience excellent postoperative uncorrected visual acuity, [1] and for this purpose an accurate and precise examination of such patients' ocular parameters is mandatory. [2] [3] [4] [5] [6] In addition, corneal power is indispensable to analyzing the shape of the cornea and for fitting contact lenses. [7] [8] [9] [10] Incorrect or invalid information may result in misdiagnosing the keratoconus or misjudging the appropriate timing of treatment. And it will lead to errors in contact lens design and fitting and in the visual outcome, increasing discomfort and complications.
At present, several types of commercially available technologies can be used to measure the corneal curvature and calculate the corneal power. [2, 11] Automated keratometry (e.g., IOLMaster, Carl Zeiss Meditec, Germany) [12, 13] measures the cornea curvature by analyzing the distance between the reflected images. Videokeratography systems perform corneal topography by reflecting Placido disk rings on the cornea and then extracting curvature data from these images of the anterior corneal surface. [14, 15] Corneal tomography, such as provided by rotating Scheimpflug cameras, can provide a relatively whole image of the anterior segment of the eye to analyze corneal power and other parameters. Examples of this technology include Sirius (CSO, Italy); Galilei (Ziemer, Switzerland); Pentacam (Oculus Optikgeräte GmbH, Germany); and TMS-5 (Tomey, Japan) [5, 16] .
The OphthaTOP (Hummel AG, Germany) is a new Placido disk-based corneal topographer. To our knowledge, the precision of this device in corneal power measurement had never been studied. In addition, there were no studies that represented the agreement between this new device and other instruments, such as Pentacam or IOLMaster, which are widely used in common clinical practice.
The purpose of this study was to prospectively evaluate the intraoperator repeatability, interoperator and intersession reproducibility of corneal power measurements derived by the OphthaTOP, and then to estimate agreement of these measurements with those obtained using the Pentacam and IOLMaster.
Subjects and Methods

Ethics Statement
The study was conducted at the Eye Hospital of Wenzhou Medical University. The research was performed in accordance with the principles stated in the Declaration of Helsinki and was approved by the Office of Research Ethical Committee, Wenzhou Medical University. All participants provided written informed consent after the nature of the study had been explained to them.
Subjects
This prospective study enrolled 79 normal, healthy subjects, including 26 males and 53 females. Only the right eye of each subject was selected for measurement. The mean age was 25.22¡6.99 years (range 22 to 62 years), and the mean spherical equivalent refraction was 23.58¡2.35 diopters (range 0 to 29.5 diopters). Inclusion criteria were healthy subjects without communication or cooperation disorders. All the subjects had good fixation ability, and their intraocular pressures were in the range of 10 mmHg to 21 mmHg. The exclusion criteria were 1) history of ocular pathological changes; 2) history of corneal or intraocular trauma; 3) previous ophthalmologic operation; 4) wearing soft contact lens within 2 weeks or rigid gas permeable contact lenses within 4 weeks; 5) dry eye (significant subjective symptoms, or tear film break-up time shorter than 5 seconds); and 6) acute or chronic systemic severe disease.
Instruments
The OphthaTOP is a new device based on the Placido disk to get corneal topography. In the present study, software version V2.19 was used. It projects 30 rings onto the cornea and acquires the data of 10,800 measurement points at a time. All images are captured automatically once the green spot for starting, and the red spot for laser locating, are adjusted at the appropriate positions. During each scan, the device captures seven images continually, and then combines these images to get a final corneal topography. It converts the curvature results of the anterior corneal surface into a cornea dioptric value using the formula below:
corneal power~n 1 {n 0 ð Þ=corneal radius where n 1 is the keratometric index (1.3375) and n 0 represents the refractive index of air (1.0000). In this study, we analyzed the two perpendicular meridians with the largest curvature difference within a diameter of about 3.5 mm to get the keratometry (K) value. The Pentacam HR uses a rotating Scheimpflug camera to get the image of the anterior segment of the eye. It captures 138,000 true elevation points using a highresolution, 1.45 mega-pixel camera. In the present study, the automatic release mode was used and 25 slit images of the anterior segment were obtained in less than 2 seconds. Only the results with an examination quality specification of ''OK'' were accepted for analysis. A keratometric index of 1.3375 was also used for calculation of corneal power and the K values were obtained via the data from a diameter of about 3.0 mm.
The IOLMaster works according to the optical principle of reflection by the anterior surface of six bright spots in the center of the cornea. The six points are reflected at a diameter of approximately 2.5 mm. The keratometric index of 1.3375 was used to calculate the corneal power.
Measurement Protocol
The present study's definitions of repeatability, reproducibility, and agreement were based on those adopted by the British Standards Institute and the International Organization for Standardization. [17] [18] [19] Calibration of each device was performed by the manufacturer prior to data collection. The sequence of the examiners was in consecutive order. Each subject was measured by the first experienced examiner using all three devices to determine intraobserver repeatability, and each device performed three times with valid results. Three additional consecutive scans were obtained by a second experienced observer using the new corneal topographer to determine interoperator reproducibility. Then the measurements were repeated by the first observer within 2 days to 7 days to determine intersession reproducibility. The second session was carried out at almost the same time as the first session. The sequence of the devices was randomly chosen. Less than 5 minutes were spent when each subject was examined with the OphthaTOP and the total time of all devices measurements was less than 30 minutes. All subjects were asked to perform a complete blink every time just before measurement, and they were told to sit back after each measurement to ensure the device was realigned before the next measurement. All the measurements were carried out at least 3 hours after the subjects woke from sleep. Examinations were taken at 10 AM and 5 PM. And all subjects were affirmed to have avoided substantial reading prior to the measurements [20] .
Statistical Analysis
All data were analyzed using SPSS software for Windows version 20 (SPSS Inc., Chicago, USA) and MedCalc Statistical Software version 13.0 (MedCalc Software, Inc., Mariakerke, Belgium). A P value less than 0.05 was considered to be statistically significant. The distribution of all the data obtained was not significantly different from normal after checking with Kolmogorov-Smirnov tests (P.0.05). During each measurement, the flat (Kf) and steep keratometry (Ks) values, the average keratometry (Km), and the axes of Kf and Ks were acquired. Corneal astigmatism was converted into a vector representation of Jackson J 0 and J 45 . J 0 means cylinder at 0-degree meridian, and J 45 means cylinder at 45-degree meridian. They were calculated according to the following formulas [21] :
Where the cylinder was the corneal astigmatism magnitude, i.e. the difference between Ks and Kf, and the axis was the meridian of Ks.
These values were calculated for three measurements during each session and then averaged to determine the reproducibility and comparability.
To determine the intrasession repeatability of OphthaTOP, the within-subject standard deviation (Sw), test-retest repeatability (TRT), within-subject coefficient of variation (CoV), and intraclass correlation coefficients (ICCs) were calculated for the three repeated measurements obtained by the two examiners. The testretest repeatability was defined as 2.77 Sw, which means an interval within which 95% of the differences between measurements are expected to lie. [22] The CoV was calculated as the ratio of the Sw to the overall mean (a lower CoV stands for higher repeatability). Using the CoV values, data with different units or widely different means can be compared between each other. However, the disadvantage is that when the mean value is near zero, the CoV becomes sensitive to small changes in the mean. Because the mean values of J 0 and J 45 are both near zero, we did not calculate the CoV for them. The ICCs (ranging from 0 to 1) are a reliability coefficient calculated from variance estimates obtained through an analysis of variance, and a value more than 0.9 indicates acceptable clinical reliability. [23, 24] To assess interoperator and intersession reproducibility, the mean of the three readings from each operator and session was calculated for each device first. Then the interoperator and intersession Sw, 2.77 Sw, CoV, and ICCs were calculated.
Repeated-measures analysis of variance (ANOVA) with the Bonferroni correction was used to identify pairs that were significantly different. Agreement among the devices was assessed according to the method described by Bland and Altman. It involved the use of the 95% limits of agreement (LoA) as the mean difference ¡1.96 standard deviation (SD). Narrower 95% LoA is associated with higher agreement between each other [19] .
Results
Repeatability and reproducibility of corneal power measurements obtained using the OphthaTOP corneal topographer Table 1 shows the mean values Sw, 2.77 Sw, CoV, and ICCs for the Kf, Ks, Km, and power vectors J 0 and J 45 for the three continuous measurements. The CoV values of K were no more than 0.24%, and the ICCs were more than 0.9 for all parameters. Therefore, this new device shows high intraobserver repeatability in measuring corneal power. Table 2 shows the mean values Sw, 2.77 Sw, CoV, and ICCs of the Kf, Ks, Km, J 0 , and J 45 for the assessment of interobserver reproducibility. The CoV values of K were less than 0.20%, the Sw and 2.77 Sw values were within 0.09D and 0.24D. The Sw and 2.77 Sw of J 0 and J 45 values were within 0.04D and 0.11D, respectively, and ICCs of all parameters were above 0.94. The results indicate that the interobserver reproducibility of this new topographer was excellent.
There were also no significant differences in the measurements between the first and the second session (Table 3) Table 4 shows the mean corneal power measurements by the Pentacam and IOLMaster. The Kf, Ks, and Km values obtained using the OphthaTOP and the Pentacam were statistically different (P,0.001), while the J 0 and J 45 values showed no statistical difference (P.0.05) (Table 5) . Furthermore, a similar result was found between the parameters measured by the OphthaTOP and the IOLMaster, as the Kf, Ks, and Km values were statistically different (P,0.001), whereas J 0 and J 45 did not show any statistically significant difference (P.0.05) ( Table 6 ). Although both Pentacam and IOLMaster showed higher corneal power readings than the OphthaTOP, the 95% LoA was narrow-i.e. close or lower than 0.50D in all cases. This means that agreement among these devices was relatively good (Figs. 1 to 5 ). 
Comparison of devices
Discussion
More and more corneal topographers are being produced and applied to clinical routine. This study was aimed at evaluating the precision and agreement of a new corneal topographer, the OphthaTOP. Our data showed high intraobserver repeatability of the Placido disk-based corneal topographer's measurement of corneal power, with a low Sw (no more than 0.10D), a low CoV (less than 0.25%), and high ICC (more than 0.90) values.
The current results are comparable to the repeatability of other Placido diskbased corneal topographers. The Medmont E300 (Medmont Pty Ltd, Melbourne, Australia) is a Placido disk-based videokeratoscope. It has 32 Placido rings, measures 9,600 data points during every scan, and has been found to be highly accurate and repeatable. [9, 25] Chui et al. [26] found the repeatability of the Medmont was good for the measurement of apical radius (R 0 ) and flattest corneal curvature, and the 95% LoA values of R 0 and flattest corneal curvature between the two measurements were 20.06 to +0.06 mm and 20.10 to +0.13 mm, respectively.
Another instrument-the EyeSys System (EyeSys Vision, INC, Houston, Texas, USA), which contains 26 Placido disks and measures 9,360 points-had been reported for its high repeatability in corneal curvature measurement by Gonzalez Perez et al. [27] and Jeandervin et al. [28] Both studies were conducted using In addition, we got similarly high interobserver reproducibility and intersession reproducibility of corneal power values captured by the OphthaTOP. The maximum 2.77 Sw, maximum CoV, and minimum ICCs values were 0.24D, 0.20%, 0.942 and 0.29D, 0.24%, 0.921, respectively. Compared with the Keratron (Optikon 2000 SpA, Rome, Italy)-which was found to have good interobserver reproducibility without statistically significant difference of the mean values between two observers and with a 95% LoA for the flattest meridian (ranging from 20.50 to +0.33D) and the steepest meridian (ranging from 20.53 to +0.31D) [30] -the OphthaTOP seems to perform better in the current study.
The measurements with OphthaTOP were comparable to the study of Mao et al. [31] , in which the Placido disk-based corneal topographer Keratograph 4 (Oculus Optikgeräte GmbH, Germany) had shown excellent interoperator reproducibility and intersession reproducibility. The CoV of K values were within 0.15% and 0.21%, respectively, and the Sw and 2.77 Sw of all parameters were within 0.06D, 0.17D, and 0.09D, 0.25D, respectively. To our knowledge, no previous study had tested agreement of the OphthaTOP with other devices in corneal power measurement. Previous studies had shown that the Pentacam and IOLMaster, which are both widely used and validated devices, have good precision and agreement. [12, 29, [32] [33] [34] ] Therefore, we compared the OphthaTOP with these two instruments, and our results confirmed relatively good agreement between the OphthaTOP and Pentacam and between the OphthaTOP and IOLMaster, although the OphthaTOP provided lower mean corneal powers.
As a representative of the rotating Scheimpflug camera system, Pentacam had shown its positive repeatability and reproducibility in quite a few studies previously. [32, 34] In earlier studies, it had been compared with other instruments that are based on the Placido disk. Kawamorita et al. [30] found that mean axial In a previous study of IOLMaster, the IOLMaster provided statistically significantly steeper readings than the RK-F1 AutoRef-Keratometer (Canon Inc., Japan) (P,0.001), with the mean difference of the Kf and Ks within 0.29D (the range of 95% LoA was 20.08 to 0.66D) and 0.18D (the range of 95% LoA was 20.34 to 0.66D). [37] When compared with the manual keratometry, the IOLMaster showed higher agreement than some other devices, such as EyeSys. The mean difference of minimum keratometry, maximum keratometry, and mean keratometry between the manual Javal keratometer (Haag-Streit) and IOLMaster was just 0.09¡0.24D, 0.27¡0.41D, and 0.18¡0.24D, respectively, and the 95% LoA was 20.57D to 0.38D, 21.06 to 0.53D, and 20.66 to 0.30D, respectively. [11] In our study, the IOLMaster produced the highest corneal power values among all the devices. The mean difference between the OphthaTOP and IOLMaster was 20.32¡0.15D, and the 95% LoA values were in a narrow range of 20.62 to 20.02D. Some other studies comparing the IOLMaster with other corneal topographers found that it produces higher readings, which is in agreement with our results. Wang et al. [29] found a maximum mean difference of 0.13¡0.21D, with a maximum 95% LoA range of 20.68 to 0.06D between the IOLMaster and the Topolyzer. Mao et al. [31] reported a maximum 95% LoA range of 20.28 to 0.62D between the IOLMaster and Keratograph 4, with relatively higher values generated by the former. In the present study, the new corneal topographer provided the flattest corneal power values. As is well known, the shape of the corneal surface is not a sphere but rather can be described through a conic section by the radius of curvature and asphericity measurement. [38] [39] [40] The corneal curvature values are steeper in the central area and become flatter in the peripheral zones. Among these instruments, the analyzing area of the OphthaTOP is the largest, with a diameter of 3.5 mm, while the area of Pentacam is 3.0 mm and the IOLMaster is just 2.5 mm. This, to some extent, could explain the difference of corneal power values among the devices.
With regard to the analysis of astigmatism, we converted the keratometric values into the Jackson cross cylinder notation J 0 and J 45 , as previously described by Thibos et al. [21] Good agreement among different devices in measuring corneal astigmatism has not been found by all studies. When assessing agreement of corneal astigmatism between Placido topography and Scheimpflug tomogra- phy, Delrivo et al. [41] found a statistically significant difference in the J 0 and not in the J 45 vector. Greater differences were observed in lower degrees of astigmatism. However, in the present study, neither J 0 nor J 45 showed any statistically significant difference between the devices, although the astigmatic magnitude was always lower than 2 D. Similar results were shown in the Mao et al.'s [31] study, as no clinically significant difference was found between the Keratograph 4 and IOLMaster or Pentacam.
The performance of videokeratoscopes is limited by several other factors, including alignment and focusing techniques, camera resolution, and the computer algorithms of the instrument. [25] The OphthaTOP is designed to capture images automatically when the two dots are aligned in a small area, and good alignment and focusing techniques are also ensured in the other two devices. Muller et al. [42] found that the rigidity of the most anterior part of the corneal stroma in extreme hydration states plays an important role in maintenance of corneal curvature. Swelling of the surface of the cornea will increase variance, so we conducted our examination after the subjects had been awake for hours.
This study has some limitations, warranting further investigation. The age distribution of subjects we enrolled was not very wide. The understanding, collaboration, and fixation of all the subjects were good, but according to our experience, the subjects had to keep their eyes open as widely as possible to ensure a perfect image capture using the new corneal topographer, so additional studies are needed to evaluate the precision and agreement in older subjects and in children. Tang et al. [25] chose six different test surfaces to evaluate the reliability of different topographers, but the performance of the devices was just good on certain surfaces. In our study, the subjects were mostly normal, healthy individuals without too much shape variation, and the degree of astigmatism was no more than 22.0 diopter, so further studies are needed to determine the performance in patients with high astigmatism or keratoconus. Furthermore, other Placido-based devices analyzing corneal topography are commercially available, and more studies should be carried out to assess their agreement. Finally, another major function of the OphthaTOP is intraocular lens power calculation, and additional investigation could be made to assess achievement of this purpose.
In summary, the corneal power values provided by the OphthaTOP corneal topographer showed excellent intraobserver repeatability and interobserver and intersession reproducibility in corneal power measurement of normal healthy eyes. Our data showed good agreement between the OphthaTOP and Pentacam and between the OphthaTOP and IOLMaster, notwithstanding a statistically significant difference in corneal power measurements, whose mean values were lower with the OphthaTOP.
